Thiazolidinediones (TZDs) are peroxisome proliferatoractivated receptor-␥ (PPARG) agonists used to treat type 2 diabetes. TZDs can also be used to reduce rates of type 2 diabetes in at-risk individuals. However, a large fraction of TZD-treated patients (30 -40%) do not respond to TZD treatment with an improvement in insulin sensitivity (S i T he thiazolidinedione (TZD) class of insulin-sensitizing drugs are agonists for the nuclear receptor peroxisome proliferator-activated receptor-␥ (PPARG) and widely used to treat type 2 diabetes (1-4). There is mounting evidence that TZD therapy can be used in people at high risk of type 2 diabetes to improve metabolic parameters (5-7) or possibly prevent (8) type 2 diabetes. An example is the Troglitazone in the Prevention of Diabetes (TRIPOD) study, a placebo-controlled intervention trial that compared the effects of troglitazone and placebo on type 2 diabetes rates, S i , and ␤-cell function in Hispanic women with previous gestational diabetes (8 -10). In TRIPOD, type 2 diabetes incidence was reduced 55% in women who received troglitazone, and protection from type 2 diabetes persisted for at least 8 months following discontinuation of treatment despite the return of insulin resistance. These findings suggest that TZDs may have significant value in delaying or preventing type 2 diabetes in high-risk individuals.
T he thiazolidinedione (TZD) class of insulin-sensitizing drugs are agonists for the nuclear receptor peroxisome proliferator-activated receptor-␥ (PPARG) and widely used to treat type 2 diabetes (1) (2) (3) (4) . There is mounting evidence that TZD therapy can be used in people at high risk of type 2 diabetes to improve metabolic parameters (5-7) or possibly prevent (8) type 2 diabetes. An example is the Troglitazone in the Prevention of Diabetes (TRIPOD) study, a placebo-controlled intervention trial that compared the effects of troglitazone and placebo on type 2 diabetes rates, S i , and ␤-cell function in Hispanic women with previous gestational diabetes (8 -10) . In TRIPOD, type 2 diabetes incidence was reduced 55% in women who received troglitazone, and protection from type 2 diabetes persisted for at least 8 months following discontinuation of treatment despite the return of insulin resistance. These findings suggest that TZDs may have significant value in delaying or preventing type 2 diabetes in high-risk individuals.
A large fraction of individuals, both with type 2 diabetes (1, 2, 11, 12) or who are at risk for type 2 diabetes (5,8,10), do not respond to TZD therapy. In individuals with type 2 diabetes, nonresponse has not been carefully characterized, but data from studies in at-risk individuals suggests that a lack of improvement in insulin sensitivity (S i ) may account for the lack of response to TZD therapy (6, 8) . In the Troglitazone In the Prevention Of Diabetes (TRIPOD) study, ϳ30% of treated women did not show an improvement in S i (8) ; they gained no protection from type 2 diabetes when compared with the placebo group. Assessment of baseline clinical and physiologic measurements revealed similar levels of adiposity, fasting glucose and insulin, S i and ␤-cell function, fasting lipids, contraceptive use, and compliance with study medication between responders and nonresponders, suggesting that these measures do not predict TZD response (8, 10) . We (13) and others (14) hypothesized that genetic variation in PPARG may account for lack of response to TZDs and examined whether the common P12A variant in PPARG, an accepted type 2 diabetes susceptibility variant (15) (16) (17) , was associated with insulin sensitization in response to TZD treatment. Results from both studies found no evidence for association between this variant and TZD response.
Because TZDs are agonists for PPARG, we hypothesized that variants other than P12A might underlie differential response to TZD therapy among the participants of the TRIPOD study. Therefore, the goal of the present study was to screen the promoters, exons, exon-intron boundaries, and partial intronic sequence of PPARG to identify polymorphisms and test them for association with TZD response in the high-risk Hispanic women who participated in the TRIPOD study.
are the basis of the present report. All women were nondiabetic and provided written informed consent before being enrolled into the study. Nonresponders were defined as the women in the lowest tertile of 3-month change in S i (median change Ϫ0.1 ϫ 10 Ϫ4 min Ϫ1 ⅐ U Ϫ1 ⅐ ml) from the IVGTT-based minimal model. Detailed information on these individuals has been previously published (8) . Institutional review boards of the University of Southern California and Translational Genomics Research Institute approved this study. IVGTT analysis. The methods used to assess metabolic parameters have been previously described in detail (8) . Briefly, glucose and insulin profiles from the IVGTT were analyzed using the Bergman minimal model to derive whole-body S i . The acute insulin response to glucose was computed as the incremental insulin area above basal for the first 10 min following glucose injection. The disposition index, a measure of ␤-cell compensation for insulin resistance, was calculated as the product of S i and acute insulin response. Identification of genetic variants. Primers were designed to amplify and sequence exons B-6 from the PPARG genomic sequence (NCBI accession no. AY157024), exons A1-A2 from bacterial artificial chromosome (BAC) clone 335I9 (AC091492), the ␥2 promoter from BAC clone 30G23 (AC090947), and the 3Ј flanking sequence from BAC clone 586C12 (AC027126). At the time of this study, there were seven single nucelotide polymorphisms (SNPs) within the PPARG genomic locus available on the HapMap website (http://www. hapmap.org, January 2004 build); those SNPs were also included in our investigation: rs1562041, rs880663, rs1151996, rs1175540, rs1152003, rs1152007, and rs709167. For these SNPs, primers were designed from sequences available in the SNP database (http://www.ncbi.nlm.nih.gov/SNP). Information on all sequencing primers is available upon request.
We screened ϳ40 kb of PPARG corresponding to all exons, exon-intron boundaries, ϳ2 kb of upstream regions flanking each of the three promoters, intron 2 and part of intron 5, as well as ϳ2 kb of 3Ј flanking region by direct sequencing using genomic DNA from all 93 women. Primers were designed to overlap by Ͼ100 bp, and average amplicon size was 600 -800 bp. DNA was amplified in a final reaction volume of 10 l using 60 ng genomic DNA, 10ϫ standard PCR buffer containing 2.75 mmol/l MgCl 2 (Applied Biosystems, Foster City, CA), 200 mol/l deoxyribonucleoside triphosphates, 0.24 mol/l oligonucleotide primers, and 0.4 units AmpliTaq Gold (Applied Biosystems). PCR cycling conditions consisted of an initial denaturation at 96°C for 7 min, followed by 35 cycles of 96°C for 20 s, 57°C for 30 s, and 72°C for 45 s, ending with a final elongation step at 72°C for 5 min. Following amplification, 2.5 l PCR product was treated at 37°C for 15 min/80°C for 15 min with 1 l of ExoSAP-IT (USB, Cleveland, OH) to remove unconsumed deoxyribonucleoside triphosphates and oligonucleotide primers. Amplicons were bidirectionally sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) and 35 cycles of 96°C for 10 s, 55°C for 10 s, and 60°C for 4 min. Sequences were resolved on the 3730xl DNA analyzer (Applied Biosystems). Statistical analyses. The observed genotype frequency for each SNP was assessed for deviation from that expected under Hardy-Weinberg equilibrium. Association with troglitazone response was assessed by 2 . Linkage disequilibrium and haplotype block structure was assessed using Haploview, version 3.0 (18) . Haplotype blocks were determined using the method of Gabriel et al. (19) , with low-frequency SNPs (minor allele frequency [MAF] Ͻ0.05) excluded from the analysis. We expected to observe an inflated number of significant P values (P Ͻ 0.05) given the level of linkage disequilibrium across PPARG and among the associated SNPs. Therefore, we performed permutation tests to assess the expected number of P values Ͻ0.05 given the observed level of linkage disequilibrium. We randomly permuted response status, repeated the association analysis for all markers, and tracked the number of P values Ͻ0.05 at each of 10,000 replicates.
For each haplotype block identified by Haploview, haplotype frequencies were estimated by expectation-maximization (20) and tested for association with troglitazone response using three classes of association tests: 1) the 2ϫn test, which uses a test of association for the 2ϫn table that arises for responders and nonresponders when there are n distinct haplotypes; 2) the best haplotype test, which was performed independently on responders and nonresponders to find the single haplotype that, when compared against all other haplotypes in a 2 ϫ 2 table, gives the strongest evidence of association; and 3) the high versus low test, which combines in one group the haplotypes more frequent in the nonresponders and in another group the haplotypes more frequent in the responders and then calculates a 2 ϫ 2 test of association for those data. A permutation test framework was used to assess statistical significance of the resulting test statistic for all tests.
SNP association with 3-month change in weight, fasting glucose, fasting insulin, and S i was tested by linear regression analysis adjusting for age and 3-month change in BMI (except in the case of weight, which is a component of BMI), assuming dominant, recessive, and additive models. Phenotype values were statistically transformed to approximate univariate normality before analysis. Phenotype values are reported as unadjusted medians and interquartile ranges. P values are reported without correction for multiple testing.
RESULTS

Subject demographics.
Characteristics of TRIPOD subjects have been described in detail (8) . Table 1 cantly from the 15 women in the treatment arm for whom DNA samples were not available (data not shown). Baseline characteristics did not differ significantly between the 63 responders and the 30 nonresponders, consistent with previously reported findings from the full 108 women in the TRIPOD treatment arm (8) . As expected, responders had a greater increase in S i at 3 months compared with nonresponders (P Ͻ 0.0001, Table 1 ). The change in S i was associated with greater reductions in fasting glucose and insulin and a greater increase in disposition index compared with nonresponders (Table 1) . Three responders (4.8%) and three nonresponders (10%) had study medication discontinued for a more than threefold elevation of serum transaminase levels during the blinded trial. SNP identification. We identified 133 PPARG variants, including 6 insertion-deletion polymorphisms (i.e., indels) and 127 SNPs. Of these SNPs, 54 were identified in the public SNP database, and all SNPs were genotyped as part of the HapMap project (as of 9 March 2004) and validated in this population. A total of 72 SNPs had MAF Ͻ5% and were excluded from further analyses. The allelic distribution of one SNP (rs3105363) differed from that expected under Hardy-Weinberg equilibrium (P ϭ 0.009) and therefore was excluded from further analyses. Association with response to troglitazone. We first assessed individual SNP associations with response to troglitazone as a dichotomous trait (Fig. 1) . Eight SNPs showed evidence for association (P Ͻ 0.05) and another 11 SNPs showed trends for association with response to troglitazone (P Ͻ 0.08, equivalent to 1.10 on the negative log scale). Table 2 summarizes the eight SNPs that were significantly associated with troglitazone response. SNPs rs13073869 and rs880663 were in complete linkage disequilibrium (Fig. 2) (DЈ ϭ 1.0, r 2 ϭ 1.0), and each showed the same level of association with response (P ϭ 0.028 and P ϭ 0.024, respectively; values differ due to missing genotypes). These SNPs are located within the second intron of PPARG, between the A2 promoter and exon B. SNP rs1152003, located in the 3Ј-flanking region of PPARG, showed the strongest association with response (P ϭ 0.020) and was not in linkage disequilibrium with any of the other associated SNPs or part of any haplotype block (Figs. 2 and 3 ). SNPs rs6806708, rs13065455, rs13088205, and rs13088214 were in strong linkage disequilibrium (Fig.  2 ) and were associated with response to troglitazone ( Table 2 ). This cluster of SNPs is located downstream from rs1152003 in the 3Ј-flanking region of PPARG. Permutation testing revealed that the probabilities of
We next examined the association between haplotype frequencies and response to troglitazone. Five haplotype blocks were identified (Fig. 3) . Blocks 1-4 are situated within PPARG and block 5 is located in the adjacent 3Ј-flanking region of the gene. Block 1 starts within the first intron, spans the A2 promoter, and ends within intron 2. Block 2 is entirely situated within intron 2. Block 3 starts within intron 2; spans exons B, 1, and 2; and then ends within intron 5, which separates exons 2 and 3. Block 4 resides within intron 8, which separates exons 5 and 6.
Haplotype frequencies based on the first and second blocks showed evidence for association with response to troglitazone. There were five common haplotypes (frequency Ͼ1% and two with frequency Ͼ30%) within block 1. The most frequent among the five haplotypes, T-A-G-T, had a frequency of 66.6% in nonresponders vs. 49.1% in responders, yielding an odds ratio (OR) for nonresponse of 2.22 (P ϭ 0.032). There were three common haplotypes in block 2, and the most frequent, A-G-C-C-G (frequency 78.9%), was present with frequencies of 90.1 and 73.4% in nonresponders and responders, respectively (OR 4.18, P ϭ 0.012). Within block 5 there were four common haplotypes, three with frequencies Ͼ20%. The most common among them (C-G-T-A-A-G-C) was marginally associated with troglitazone response (OR 0.51, P ϭ 0.049).
Association with 3-month changes in phenotypes.
SNPs were also tested for association with 3-month changes in fasting glucose, fasting insulin, body weight, and S i assuming additive, dominant, and recessive genetic models. None of the SNPs showing association with troglitazone response showed association with 3-month changes in fasting glucose or insulin (Table 3) , except rs4135263, which showed modest association with change in fasting glucose under a recessive model (P ϭ 0.0447). SNPs rs4135263 and rs10510419 both reside on haplotype block 3, are in perfect linkage disequilibrium (DЈ ϭ 1.0, r 2 ϭ 1.0) and showed significant association with change in weight under the recessive model (Table 3) . Individuals homozygous for the minor allele gained less weight over the 3-month treatment period compared with other individuals. SNP rs1152003 also showed association with change in weight under both the additive and recessive models (Table 3) . In contrast to the other SNPs, individuals homozygous for the minor allele for rs1152003 gained more weight than individuals with zero or one copy of the minor allele.
SNPs rs4135263 and rs10510419 both showed evidence for association with change in S i under the recessive model (Fig. 4) (P ϭ 0.0473 and P ϭ 0.030, respectively; values differ due to missing genotype data). For both SNPs, individuals homozygous for the minor allele had much greater increases in S i compared with other individuals (Table 3) . SNP rs1152003 showed the strongest evidence for association with change in S i under the recessive model (Table 3 , P ϭ 0.019). Individuals homozygous for the minor allele had a smaller change in S i compared with other individuals (Table 3) .
DISCUSSION
Few studies have attempted to elucidate mechanisms underlying individual differences in S i changes in response to TZD therapy. The TRIPOD study was the first to show that baseline clinical and physiologic measures were not predictive of response to troglitazone (8) . We (13) and others (14) also showed that the common Pro12Ala polymorphism in PPARG was not associated with response to TZD therapy. Recently, Kang et al. (21) showed association between variation in the adiponectin gene and response to rosiglitazone in Koreans with type 2 diabetes. In the current study, we extended our prior work on the genetics of response to troglitazone (13) by examining the remainder of PPARG. To our knowledge, no other study has examined the underlying genetics of TZD response using a carefully characterized and extensively phenotyped set of subjects. We identified five haplotype blocks in PPARG and surrounding regions, and association results based on response to troglitazone suggests that three of these may independently, or jointly, be involved in mediating response to troglitazone. This observed pattern of association was not altered by adjustment for minor baseline differences in age and S i (data not shown). There was a single SNP that was located in the 3Ј-flanking region, rs1152003, which was not part of any haplotype block that also showed association with troglitazone response. Individual SNPs in blocks 1, 3, and 5, plus SNP rs1152003, showed association with 3-month changes in phenotypes, suggesting that these regions may be of importance in mediating troglitazone response.
Results based on haplotype frequencies were not completely consistent with the single SNP results. For example, block 2 consists of five SNPs of which four had frequencies Ͻ5%. The single SNP with MAF Ͼ5% did not show evidence for association (P ϭ 0.331). However, the most common haplotype in this block did show evidence for association. In contrast, rs4135263 showed evidence for association with troglitazone response, but haplotypes within this region only showed a trend for association. This pattern may be due in part to the fact that relative to the other blocks examined, block 3 is comprised of seven haplotypes, four of which have frequencies Ͼ10%, making it more difficult to detect associations.
When 3-month changes in S i and related phenotypes were assessed as continuous traits, we did not observe any associations between the SNPs associated with dichotomous troglitazone response and 3-month continuous changes in fasting glucose or insulin (Table 3 ). However, we did observe associations with 3-month changes in both body weight and S i . The fact that variants were associated with changes in these two phenotypes is consistent with the hypothesized mechanism of action of TZDs (22, 23) . Multiple clinical trials have demonstrated an increase in body weight with TZD therapy (3,24 -26) . Some of this increase is due to changes in fat accumulation and distribution (24, 25) , while some is accounted for by fluid retention due to TZD-induced effects on the vasculature (27) and sodium reabsorption (27, 28) . Thus, associations with changes in either or both phenotypes can be indicative of a TZD-induced response mechanism. In fact, we observed a modestly significant negative association between 3-month change in body weight and 3-month change in S i (data not shown, P ϭ 0.042), suggesting that changes in body weight and S i over the 3-month treatment period may, in part, be due to a common response to troglitazone.
Two SNPs within block 3 and rs1152003 showed associations with both weight change and change in S i ( Table  3 ). The genotype-specific median values for weight change were clustered around zero for rs4135263 and rs10510419, suggesting that these associations with weight change may be spurious. Genotype-specific medians for change in S i revealed larger differences, suggesting a clear and real association. Haplotype block 3 spans a large segment of the coding region of PPARG, including exons B, 1, and 2. Although none of the associated SNPs were found within exonic sequence, it is possible that one or more of the variants may disrupt alternative splicing, resulting in a protein product with an impaired ability to interact with troglitazone or a critical cofactor of PPARG such as retinoid X receptor-␣. Alternatively, these variants may affect regulatory elements located within this region or be in linkage disequilibrium with such elements. The associations with rs1152003 and haplotype block 5 suggest a possible role for elements within the 3Ј-flanking region of PPARG. There are no known regulatory elements in this region nor any known or predicted expressed sequence tags based on the most recent build of the human genome ( Although this study is the first to report association of PPARG variants with response to troglitazone and troglitazone-induced changes in phenotypes, our sample size is relatively small: 63 responders and 30 nonresponders. Despite the relatively small sample size, we have sufficient statistical power (Ͼ80%) to detect robust allele frequency differences (Ͼ17%) for the single SNP analysis. This falls within the range of observed differences in MAF between responders and nonresponders in our sample (20 -40%). Our power is weaker for the analysis of haplotype frequencies, due to the number of different haplotypes estimated for each block. However, given the number of SNPs tested, and the underlying linkage disequilibrium across the gene, results from permutation testing indicated that the number of significant associations we observed was greater than that expected under the null. Finally, for our phenotype association analyses, post hoc power calculations indicate 80% power to detect an effect size of 0.67 SE, which is approximately a change in S i of 1.0 ϫ10 Ϫ4 min Ϫ1 ⅐ U Ϫ1 ⅐ ml
Ϫ1
. Therefore, we believe the observed associations reflect true biologic effects and do not represent type I errors. However, it would be desirable to see our findings replicated in a separate population and with currently available TZDs.
In summary, we identified sequence variation in PPARG that may contribute to different insulin-sensitizing responses to troglitazone therapy in Hispanic women with previous gestational diabetes. Our results provide evidence that genetic variants within two haplotype blocks may help to determine the response. Whether the inability to respond to troglitazone therapy is due to an effect of these variants on troglitazone binding to PPARG or an impairment of the agonistic activity of troglitazone through disruption of interactions between PPARG and critical PPARG cofactors (e.g., retinoid X receptor-␣) will require functional characterization studies. Furthermore, our results indicate that response to TZD therapy may not be accurately predicted by genotyping one or two variants within PPARG. Instead, prediction of response may require assessment of a cluster of genotypes, possibly across different genes. Nonetheless, our results provide the first evidence supporting the concept that variation within PPARG partly accounts for response to therapy with a TZD.
